Abstract. We examine the theoretical and applications-specific issues relating to modeling the temporal and spatial dynamics of forest ecosystems, based on the principles of investigating dynamical models. When developing the predictive dynamical models of forest resources, there is a possibility of achieving uniqueness of the solutions to equations by taking into account the initial and boundary conditions of the solution, and the conditions of the geographical environment. We present the results of a computer modeling and predictive mapping for the regional and subregional model of the forest resource dynamics.
Introduction
In forest science, relatively advanced mathematical modeling systems have been developed for the forest dynamics on different levels of their organization: local -models of an individual tree and forest stands [1] - [9] , subregional -description of the changes in the distribution of forested areas in species and age classes, and in stages of regeneration dynamics [4] , [10] - [13] , regional -equations of redistribution of biomass reserves in species [14] - [16] , and global -reflection of the role and place of forest ecosystems in the cycle of matter and energy [17] . In recent years, with an enhancement in computational power of personal computers, it was possible to develop hierarchical structural models for forest ecosystems [18] - [21] .
Modeling is also supported by a variety of mathematical tools. The models of development of ecosystems can be divided into two large classes: 1) continuous (on the basis of ordinary differential equations for lumped models, and on partial differential equations for spatially distributed systems), and 2) discrete (on the basis of systems of algebraic equations which, in most cases, can be obtained by discretization of differential equations; in the spatially distributed case, they are characteristic models called cellular automata).
Unfortunately, each of the models, perfect as it may be, can only be used in solving a narrow class of prediction and planning problems. A practical implementation of forest resource management involves developing an integral multilevel system of models. The hierarchy of models for the dynamics of forest stands must include three levels, as a minimum: 1) calculating the dynamics of spatial distribution of uneven-aged and multiple-species stands in a forest unit having regard to forestry-related activity, and 3) the regional model with district forestry-level data aggregation.
One of the principal requirements for such models is to use, as initial information, the forest inventory data (obtained in a district forestry) which are convenient for the analysis of the forest resources because of their frequent recurrence interval and an adequate degree of detail which are necessary to the solution of theoretical and practical prediction problems, in view of the consequences of different kinds of economic activities and disastrous successions. Such models must be easily adjustable for the particular physical-geographical conditions and be supported by a userfriendly interface.
Model and methods
A modeling of the development of forest stands must take into consideration that separate tracts of forest are open systems whose dynamics is governed both by the state of the physical-geographical conditions of environment and by the influence of neighboring forest ranges. Therefore the mathematical description of such processes and connections requires a model with distributed parameters in which the main characteristics of forest are functions of spatial coordinates and depend on the influence of surrounding elements of a system under investigation.
Uniqueness of models for the forest resource dynamics
When mathematical methods are used in forecasting natural phenomena, the question as to whether the basic model equations conform to the properties of real geographical systems often remains unsolved. This problem is most often encountered in the analysis of dynamical systems of wildlife.
The mathematical model of a geographical process is represented by its description in mathematical terms matching the initial concepts and data. The simplest model is a list of the properties of environment and its dynamic parameters whose interrelationship describes the process under study within a given approximation to the reality.
When investigating and modeling geographical objects, for specifying the uniqueness conditions and identifying independent variables it is necessary to determine exactly: 1) the geometrical and topological properties of the system in which the process is taking place (characteristic of the relief, facies structure, etc.); 2) important (for this process) characteristics of the objects comprising the system, and their dependence on state parameters and dynamic impacts (such as the forested area, the intensity coefficients of state-to-state transition, etc.); 3) the initial or final state of the system, and 4) the conditions on the boundaries of the system during the course of the process [22] .
The dimensional quantities, corresponding to this list, and their values determine the uniqueness conditions of the geographical process, and identify a single phenomenon of a given class as the geographical situation. The quantities, involved in the uniqueness condition, are specified externally with respect to the basic equations and are, therefore, independent variables, the set of which uniquely defines the behavior of a particular process. The other variables involved in the basic equations, all are dependent variables [22] .
By considering an example of the model for the forest resource dynamics which reflects the changes in the distribution of forested areas in species and age classes, we now illustrate the specification of the uniqueness conditions resulting in the generation of the model which specifically determines the process in some geographical situation.
A change in the structure of forest stands, in view of species succession, is represented by a system of differential equations of the form
where S ij (t) is the area occupied by forests, with the i-th species of the j-th age class at the time t (ha) predominating; α ij = p ij α i is the transition intensity of the area of forests of the i-th species of the j-th age class to the area of forests of the same species of the (i + 1)-th age class (1/year); γ ij = p 0ij α i is intensity factor of succession of the i-th species of the j-th age class to forests of other species and ages (1/year); p ij is the share of the area in which the forest of a given species persists in the process of forest regeneration-age dynamics, p 0ij -where it is replaced by forest stands, with other species (p ij = 1 − p 0ij ) predominating, and I ij is the total transition rate of forest stands of differing species composition and different ages to forest stands of the i-th species of the j-th age. The value of a i is determined by the formula
where ∆τ i corresponds to the step of dividing the age into classes (40 years for Siberian stone pine, 20 years for the other coniferous species, and 10 years for deciduous species). Since the intensity and directedness of the species succession processes depends of spatial variation of physicalgeographical characteristics of the environment, the values of the variables γ ij are determined by landscape structure. We substitute (2.2) into equation (2.1) and introduce the notation ∆S ij = S ij − S ij−1 ; then we have dS ij /dt = −∆S ij /∆τ i . In the case of an infinitely small step of dividing the age into classes ∆τ i = ∆τ → 0, the system of equations (2.1) is brought to a partial differential equation
where S i (t, τ ) is the forested area, with the i-th species of age τ at the time t predominating; γ i (τ ) is the transition intensity of forest stands, with the i-th species of age τ predominating in the forest stands of other species; p i (t, τ ) is the probability that the forest stand, with the i-th species of age τ at time t, there occurs no species succession, and I i (t, τ ) is the total transition rate of forest stands of a different species composition and of different ages to forest stands of the i-th species of age τ at time t. The dependent variable sin the model are represented by the forested area (S i ), and by the rate at which the forests of different species are replaced by forest stands of a given species composition and a given age (I i ). The independent variables are first and foremost a constant p i and a constant γ i , as well as the initial S i (0, τ ) = S Hi (τ ) and boundary conditions S i (τ, 0) = α 0 i S 0i (τ ) of the solution (2.3). The probabilities p j and p 0i are specified externally with respect to the main variables of the model equations are define uniquely the dynamics of forest stands under particular physical-geographical conditions which govern the intensity and directedness of species succession in different localities.
Identifying such geographical linkages is an important part of illustrating the conditions of ensuring the uniqueness of realization of predictive-analytical models.
By way of example let us consider in terms of the area model for the regeneration-age dynamics of forests (2.3) a stationary process (∂S i /∂t = 0) of destruction of mature and overmature forest stands where there is no increase in the areas due to a succession of forests, with other species and ages predominating (I i = 0):
Assuming that p i is age-independent and substituting n i = τ /∆τ i , i.e. using age classes i.e. n i instead of age τ , we obtain
. The solution to this differential equation is obtained with the boundary condition S i (n 0i ) = S 0i :
where n 0i is an age class for the onset of forest destruction (maturity age). The coefficients k i and ln S 0i are calculated by linear regression methods according to the scheme obtained from equation (2.4) upon taking the logarithm:
The coefficients of destruction intensity of overmature forests were calculated for the district forestries of the Irkutsk region. If S 0i is calculated in fractions of the area of mature and overmature forest stands of the i-th species, then the values of the coefficients k i and ln S 0i in (2.5) are found to be correlated 6) i.e. the linear dependencies (2.5) form a congruence with the node at the point n i = 6, 46, ln S 0i = 10, 03 ( Fig.1 ). Equation (2.6) shows that the destruction process of overmature forest stands depends only on one indicator k i , which characterizes the particular forest growth conditions, i.e.
being the index of the environment with respect to the process under consideration, on the basis of which we calculate the value of p i = 1/k i + 1, the reliability index of forest preservation, i.e. the larger is the k i , the smaller is the share of the area in which, in the process of regeneration-age dynamics, forests of a given species survive. A knowledge of the value of the index k i makes it possible to take into consideration the specific character of the conditions and to change -when modeling the dynamics of forest stand structure -from some computational equations to the others, which ensures uniqueness of the computational scheme, and an integral consideration of the physical-geographical characteristics of the territory. This transition is accomplished by simply rotating the line of the dependence (2.5) about the nodal point of congruence ( Fig.1 ): the processes in one environment are transformed (calibrated) to the process under different conditions according to the index k i . Thus, when developing predictive dynamical models for taiga geosystems, it is possible to achieve satisfaction of the uniqueness condition of the solution to the equations by taking into consideration the initial and boundary conditions of the geographical environment. In the latter case, this is accomplished through the use of the indices of environment k i that determine the values of constants of the fundamental dependencies of the parameters of the natural system. Consequently, there exist some regularities of a continuous transition according to the index of environment from models developed for some conditions to models for other conditions.
The local-level models
The local-level mathematical models are based on the system of first-order partial differential equations [13] describing a time variation of the distribution of trees of the i-th species in the charac-teristic size ρ(in the diameter in this case) in the unit vicinity of the point ξ 0 with coordinates (x, y):
where l is the number of forest-forming species within the area under consideration; n The interrelationship of the different localities in the model is reflected, firstly, through the transfer of seeds; therefore, n i H (·) is the distribution function of seed plants throughout the territory under investigation; secondly, through the environment-forming influence of forest stands on the surrounding localities. In doing calculations, the number germinating seedlings was calculated by the formula
where ϕ i R (R 0 ) if a function of the illumination influence (or the shade density) under the canopy layer (R 0 ) on the appearance and survival of germinating seedlings;P (ξ 1 ) is total crown closure of trees in the unit vicinity of the point ξ 1 , and γ (ξ 0 , ξ 1 ) is a characteristic of the influence of crown closure of forest stands at the point ξ i on forest regeneration at the point ξ 0 (a decreasing function of distance from ξ 1 to ξ 0 ).
In equation (2.8), the physical-geographical background was taken into account directly in the values of n i v (·) and n i s (·), and the effect of the biogeocenotic conditions is related to illumination under the canopy layer and to crown closure of forest stands. This provides a means of reflecting some distinctive features of the regeneration process. Crown closure serves as the regulator of the biomass of grass cover; an increase in the biomass decreases, especially in felled areas, the number of tree sprouts. On the other hand, an increase in crown closure impairs the illumination conditions under the canopy layer and leads to a decay of the regeneration process and, at the same time, to a decrease in the biomass of herbaceous plants. The appearance of viable vegetative sprouts is signaled by an abrupt decrease in tree crown closure after, for example, fires, fellings, and propagation of parasites. The model takes into account such an effect by comparing the value of the closure index at contiguous steps of numerical integration.
This model handles information from the level of data on each forest unit. It can be used to create local tables of growth behavior, and in planning selective fellings for reconstructing forest stands, for example.
The subregional-level models
Models of this level are of the greatest applicational significance in contemporary conditions, as they describe the forest dynamics in terms of a variation in the distribution of their areas and reserves across time and space. It is possible to describe in these terms a change in the structure of forests from a region's level as a whole to the dynamics of internal areal structure of forest stands in an individual forest compartment.
The subregional-level model reflects the dynamics of forest reserves of the forest raw-materials base according to land categories and age groups: the forestless area (S H ), the area uncovered in forest (S 0 ), the area covered in forest, including in young growth and average-aged forest (S 1 ), and in maturing (S 2 ), mature and overmature forests (S 3 ). The characteristics of the area S i (t, ξ 1 ) are spatially distributed and vary over time. The dynamics of these indices is described by the formulas [13] 
where λ is the intensity coefficient of transition of the area from one category of lands or age group to the other; u j (t, ξ 1 ) is the annual are of fellings in forest stands of the j-th age group at time t in the unit vicinity of the point ξ 1 ; u H (t, ξ 1 ) is an increase in the forestless area in the course of capital construction through the other categories of lands (u Hi ).
The relative simplicity of the model and of its information support make it possible to calculate the estimation of rational forest management for significant territories. Data of compartment results are used as initial information. The level of spatial resolution of such data corresponds to the size of the compartments, which is equal (according to the different categories of forest organization) to the 2x4 km 2 or 1x2 km 2 rectangles. A compartment becomes an elementary cell of management in this case, and it is considered uniform (in natural characteristics) plot of the forest territory. The areas and the reserves of forest stands, with due regard for their distribution in age groups, become the main variables.
The regional-level models
The regional-level model uses the following variables: the total forestless area (S H ) of the territory; the total area uncovered in forest (S i0 ); the area covered in forest, with the i-th species predominating, including in young forest of the first (S i1 ) and the second (S i2 ) age classes; and in average-aged forests (S i3 ); maturing (S i4 ), mature (S i5 ) and overmature (S i6 ) forest stands. These dependencies are all time-dependent. The dynamics of these indices is described by the formulas:
(2.10)
where λ jKi is the intensity coefficient of transition of the area from one (j) category of lands or a group of ages to the other (K) for forests, with the i-species predominating, or for a definite category of lands (without the index i); p 0i is the share of the areas uncovered in forest, with expanding young growth and with the i-th species predominating; u pij (t) is the annual logging area in forest stands of the i-th species of the j-th age group at time t; u H (t) is an increase in the forestless area in the course of capital construction through the other categories of lands (u Hij ); u K (t), and u Ki (t), respectively, correspond to the annual area of logging as a whole, and to crops of the i-th species; u G (t), u GKi (t), and u Gij (t), respectively, are the annually burnt-over area as a whole of crops of the i-th species and forests of the i-th species of the j-th age; I i stands for the growth rate of the area of average-aged forests of young growth of the i-th species as a result of species succession, and I i is the decrease rate of the area of overmature forests as a result of species succession. The mathematical model was implemented by software on a personal computer, the issue relating to its information support with reference to the region's conditions was settled; forest organization information was used in solving prediction problems, and the validity of the model was verified using retrospective analysis. The year 1973 was chosen as the initial time of calculations in the model, as that year was supported by reliable information on the conditions of the forest resources obtained on the basis of forest inventory data. Fig.2a plots the temporal dynamics of the forest resources (1973-2023) having regard to natural species succession as well as fellings and fires (a constant increase in felling of coniferous forests is assumed), and the withdrawal of forests of the forest reserves as a result of capital construction, and the process of creation of forest crops and their conversion to young growth. The natural dynamics of forest ranges in the absence of anthropogenic impacts was regarded as one of the variants of a predictive calculation (Fig.2b) . A characteristic property of the behavior of the forest system in this case is represented by the increase in the areas of forests of light-coniferous species and Siberian stone pine, and the decrease in the area of birch forests. There is taking place a dramatic decrease in the areas of lands uncovered in forest. This reflects an ecologically natural and characteristic (for the Irkutsk region) dynamics of taiga forests. The tendencies for a change in calculated and observed characteristics of the dynamics of forest areas in the Irkutsk region coincide, which points to the validity of the model, and to the possibility of using it in prediction and optimization calculations (Fig.3) . It follows from the results of prediction calculations for the period before 2023 that the areas of forests, with larch and birch predominating, will be changing the most dynamically: the areas of birch and larch forest stands decrease as a result of logging operations, whereas the areas occupied by birch and aspen will be increasing due to predominant regeneration of this species in logged and burned-over areas. The areas of pine forests remain on a certain level due to reforestation (the calculations assumed an increase of the creation of new crops, with an increase in the felling volume). The calculations showed a significant increase in forestless areas, which is associated mainly with the increase of housing development, the increase in the areas of agricultural lands, capital construction and the production activities of the enterprises, and with the increase in the areas uncovered in forest because of fires and main fellings. 
The modeling scenarios and multicriteria optimization
When performing calculations in terms of the models, the user can access (to make relevant changes) the parameters of the main felling volume, tending fellings, fires and treeplanting. Each of these parameters can assume three values: 0% (none), 50% (a half of the volume), and 100% (total volume).
The results of calculations are evaluated using the set of criteria: Each calculated scenario is evaluated using this set of criteria. Multicriteriality is an integral feature of most real choice problems and requires special methods of analysis. In decision making theory where the feasible solutions are evaluated simultaneously from several indices (criteria), the Edgeworth-Pareto principle is widely used; according to this principle, the best solutions should be chosen among the Pareto-optimal solutions [23, 24] . Table 1 provides the results derived from identifying a set of Pareto-optimal solutions and the values of the parameters for 10 scenarios for all district forestries of the Irkutsk region. In the "Pareto" column, the value 1 corresponds to the fact that this criterion is involved in this set, and the value 0 means that it is not involved. 
Thus, of the 10 scenarios, 5 scenarios were discarded. The optimal scenarios for forest resource management are: 1) the carrying out, in full volume, of main fellings and treeplanting having regard to the current number of fires in the region's forests; 2) no main fellings, the carrying out of tending fellings in full volume, and treeplanting in a half of the volume, and a decrease of the number of fires by a factor of 2; 3) the carrying out of main fellings and tending fellings in a half of the volume, and no fires, with the current number of fires; 4) no main fellings, the carrying out of tending fellings in a half of the volume, treeplanting in full volume, a decrease of the number of fires by a factor of 2; 5) an increase in forested areas and timber reserves for all age groupsno main fellings, the carrying out of tending fellings in a half of the volume, treeplanting in full volume, and no fires.
Results
The software program system for predictive mapping of the dynamics of forest resources is represented by the intelligent information system featuring a close interaction of the following three subsystems: GIS, mathematical modeling subsystem FMD (Forest management Dynamics), and automation system for logical reasoning (the artificial intelligence system) [25] . Information that is used in identifying the FMD model and calculating the initial conditions represents the database with various forest organization characteristics. Results are represented as cartographic GIS products as well as animation images.
The FMD model is being used in forecasting the forest resource dynamics on different levels in GIS, namely, region, administrative districts, district forestries, and compartments.
The FMD GIS is developed on the basis of the Java software technology, the selection of which is due to open library OpenMap implemented within the framework of this technology (available together with the source code) for the creation of the GIS [26] . A search on the Internet showed that there are perhaps no open analogues as regards the maturity level. OpenMap is based on the JavaBeans technology ensuring integration both in applications and in Java Applets. The library displays cartographic data and performs a processing of the users' requests for a modification of these data (scaling, movement, addition of words, saving, etc.). The library handles ESRI (shape files) data, data from text files CSV (comma-separated values), and some others. In addition to OpenMap, the system under development uses Java Libraries to visualize graphs, diagrams and calculation results. The forest stand dynamics model is implemented by a software module linked with the GIS application on the basis of the OpenMap library. The module realizes the numerical solution to differential equations using the Runge-Kutta method. The module receives data from the database containing information on the conditions of the forest resources, fellings, fires, etc.
Once the data are imported, the software interface module performs calculations in terms of the model by preliminarily choosing one of the variants of the forest resource management strategy (the natural or anthropogenic dynamics). In the latter case, as is known, a human being acts on the system as a whole, altering its dynamics, or on its separate elements, influencing on their functioning. Consequently, in the modeling mode using the anthropogenic dynamics, the course of development of forest stands can also be acted upon by two methods, namely, by altering the initial conditions of forest (tending fellings, main fellings, etc.) or the boundary conditions (abundance of sprouts, overgrowing rtes of the areas uncovered in forest, etc.) (Fig.4) . A change of the character of development of the natural system being modeled is represented by the value of the model coefficients related to the rate of the tree regeneration and growth processes.
The calculated data (the distribution of the areas in species and age classes as well as in time) generate the CSV database and are plotted at the user's request. The user specifies by himself the particular combinations of the particular variables to be plotted as time series, including a possibility of representing the data on each individual species as well as for all species in combination.
For representing the results as a cartographic product, the data from the calculated database are transferred to the GIS subsystem, and it is this subsystem that maps them on a corresponding base. The grid of the boundaries of district forestries is used as the base. To create the cartographic product requires selecting a characteristic of forest resources (the model variable or some mathematical expression for the variables) to be mapped (for instance, the share of the area of forests of coniferous species of maturity age).
The system permits maps to be constructed in terms of the models for any instant of calculated time. Also, there is a possibility of exporting images to a JPEG file with the subsequent creation of animation images. Also, the system furnishes a means of generating, for each stage of calculating the forest dynamics, a new image as a new layer of the thematic map. The dynamics of the object of investigation is represented by a series of mapping layers marked by a corresponding instant of time. When arranged consecutively, these layers generate a cartographic animation portraying spatio-temporal changes in the various characteristics of forests. Fig.5 presents the results of calculations in terms of the model for the dynamics of the forest reserves in the district forestries of the Irkutsk region with due regard for the distribution o the forest area in categories, species and age groups (the regional-level model). Fig.6 shows the results of calculations of a modeling of the forest dynamics in terms of the subregional model, with due regard for the final felling operations and neglecting reforestation and fires. The direction of the vector of felling in this example is shown in Fig.6 a by the arrow; accordingly, the tree fellings were calculated only for the territory roughly outlined by a triangle. The calculations were carried out for the territory of the Educhansky district forestry of the UstIlimsk district, the maximum felling volume was estimated at 500 thou m3/year, and the maps of the conditions of mature and overmature forests (the relative area of mature and overmature forests vs. total area of the compartment) at the initial time of modeling, and 50 and 100 years later are 
Conclusion
The structure of the models for the dynamics of forest resources, and the methods of their information support naturally follow from the principles of describing forest ecosystems as systems of the dynamical type [9, 13] . Control actions in them are introduced mostly additively (by adding or subtracting a corresponding control function).
A verification of the dynamical models using extensive data on changes in the conditions of the forest reserves in the Irkutsk region showed a good agreement between calculated and observed characteristics of forests. This makes it possible to carry out predictive calculations of the changes in the conditions of forest resources under different natural regeneration regimes and with varied forms of economic management on different levels.
When predictive dynamical models are developed, it is possible to achieve satisfaction of the uniqueness condition of the solution to the equations by taking into consideration the initial and boundary conditions of the geographical environment. In the latter case, this is done by using the homotopic parameter that determines the values of constants of functional dependencies of the parameters of a natural system. A knowledge of the value of the homotopic parameter provides a means of taking into account the specific character of the conditions and to change, when modeling the dynamics, from some computational equations to the others, which ensures an integral consideration of the physical-geographical characteristics of the study territories.
The final stage in modeling the forest resource dynamics involves dynamical mapping using the aforementioned mathematical models, GIS technologies, space-acquired data, and methods of its processing.
